Aims/hypothesis Shortened telomere length is a marker of cell damage and is associated with oxidative stress, chronic inflammation and metabolic disease. We hypothesised that the offspring of women with gestational diabetes mellitus (GDM) with increased risk of cardiovascular and metabolic diseases might exhibit shorter telomere length. Methods We investigated telomere length in 439 GDM and 469 control group offspring, aged between 9 and 16 years, recruited from the Danish National Birth Cohort. Relative telomere length was measured in peripheral blood DNA (n = 908) using a quantitative PCR approach. Multivariate regression analysis was used to investigate the association between mothers' GDM status and telomere length in the offspring. Results Female offspring had longer telomeres than males. Offspring of mothers with GDM had significantly shorter telomere length than control offspring, but this difference was observed only in girls. There was a negative association between telomere length and GDM exposure among the female offspring (14% shorter telomeres, p = 0.003) following adjustment for the age of the offspring. Telomere length in female offspring was negatively associated with fasting insulin levels and HOMA-IR (p = 0.03). Maternal age, smoking, gestational age, birthweight and the offspring's anthropometric characteristics were not associated with telomere length (p ≥ 0.1). Conclusions/interpretation The 9-to 16-year-old girls of mothers with GDM had shorter telomeres than those from the control population. Further studies are needed to understand the extent to which shortened telomere length predicts and/or contributes to the increased risk of disease later in life among the offspring of women with GDM.
Introduction
Gestational diabetes mellitus (GDM) complicates 1-10% of all pregnancies [1, 2] and is increasing in prevalence worldwide, most likely due to obesity, inactivity, urbanisation and pregnancy occurring at an older age [3, 4] . The offspring of mothers with GDM are at increased risk of developing metabolic diseases, and a growing number of studies implicate the time in utero as playing a key role in this process [5] [6] [7] [8] [9] [10] . However, the underlying molecular mechanisms are still unknown.
Telomeres are formed of non-coding tandem repeats of the hexamer TTAGGG located on the chromosome ends, with a total length from a few kb to 15 kb. Telomeres function to protect the integrity of the genome by forming a loop that prevents end-fusions of the chromosomes [11] . Telomeres shorten with each cell division since DNA replication is unable to fully replicate to the chromosome ends [12] . In response to DNA and telomere damage, the ribonucleoprotein enzyme telomerase may be upregulated to preserve telomere length by adding TTAGGG repeats, but only in some cell types [13] . The telomere length of blood cells is strongly associated with age due to the close association with the number of cell divisions [14] , but an unhealthy lifestyle may also influence the rate of telomere attrition. Previous studies have shown that age-and lifestyle-related diseases such as type 2 diabetes [15] , cardiovascular disease [16, 17] , atherosclerosis [18] , obesity-derived inflammation and oxidative stress [19] are associated with telomere shortening. It is therefore intuitive that shortened telomeres are associated with an increased risk of all-cause mortality [20] . It is debated whether the telomere shortening may be a cause or a consequence of metabolic disease, but telomere length has recently been shown to predict the onset of type 2 diabetes in high-risk populations [15] .
Telomere length is largely determined in stem cell populations early in fetal development [21] and is highly variable between individuals at birth [22] . Interestingly, female individuals have a longer average telomere length at all ages [23] . There is evidence to suggest that telomere length is influenced in utero by environmental and maternal factors such as intrauterine growth restriction [24] , smoking [25] , maternal stress [26] and maternal education [27] . As each of these is a recognised risk factor for a range of adverse offspring health outcomes, it is plausible that telomere shortening may be a mediator in fetal programming of later health. Interestingly, pregnancies in mothers with GDM have been associated with shorter telomere length in cord blood [28] , and pregnancies in mothers with type 2 diabetes have been associated with shorter telomere length in placenta tissue [29] . Additionally, pregnancies in mothers with GDM and with type 1 diabetes have been associated with increased telomerase activity in cord blood [30] . Other studies have, however, reported no
• association between GDM and cord blood telomere length [31] or between maternal type 1 diabetes and telomere length in young adult offspring [32] . Importantly, these studies were mainly of small sample size and, to the best of our knowledge, the effect of GDM on telomere length in adolescent offspring has not previously been reported.
Large-scale longitudinal birth cohort studies are needed to address how maternal GDM can potentially explain variability in offspring telomere length, taking into account the effect of the multiple environmental exposures that have undoubtedly occurred after birth. In the present study, we examined the association between in utero GDM exposure and telomere length in 9-to 16-year-old offspring, and assessed the relationship between telomere length and childhood metabolic health.
Methods
Study cohort Between January 1996 and October 2002, 91,827 women were enrolled in the Danish National Birth Cohort (DNBC). A GDM subgroup (1350 pregnancies) as part of the Diabetes & Women's Health Study [33] , together with a randomly selected control group (2629 pregnancies), was established from the DNBC to study the possible roles of maternal and offspring lifestyle associated with metabolic health in both generations. Details of the identification of suspected GDM in the DNBC have previously been described [34] . Briefly, women with GDM were defined by a GDM-related diagnosis recorded in the Danish National Patient Registry in relation to the index pregnancy (ICD-10 codes O24.4 and O24.9; www.who.int/classifications/icd/en/) or a selfreported GDM event during study interviews at 30 weeks of gestation or 6 months postpartum, or both. All eligible GDM mother-child dyads in the DNBC were invited; in total 1289. A total of 1457 control dyads were invited, to match the number of recruited GDM dyads.
Between March 2012 and May 2014, a total of 608 (47%) children of mothers with GDM and 626 (43%) children of mothers from the control group not affected by GDM were recruited for phenotypic and molecular studies. The main reason for non-participation was lack of time. The majority of the participants were examined at one of the two main hospitals in Denmark: Copenhagen University Hospital or Aarhus University Hospital. For women who lived at a greater distance from the primary hospitals, the clinical examination was done at smaller pop-up clinics located closer to their home. There were seven pop-up clinics, representing all major regions in Denmark. The participants were invited in a 1:3 ratio, i.e. one control dyad and three GDM dyads, throughout the country, then followed by the majority of control dyads examined at Copenhagen University Hospital. All technical staff were centrally trained by staff from the two main hospitals, and staff worked at multiple sites in order to ensure uniformity and high quality of data collection. Clinical examinations and biospecimen collection was conducted following standardised protocols.
The study design and protocol were approved by the Regional Scientific Ethical Committee of the municipalities of Copenhagen and Frederiksberg (H-4-2011-045 and H-4-2013-129) and conformed to the Helsinki II declaration. Consent from both parents was essential for the child's participation in the study.
Clinical examinations
The offspring of women with GDM and control participants underwent a clinical examination including anthropometric measurements, BP measurements and fasting blood samples for measurement of glucose, high-sensitivity C-reactive protein (hs-CRP), insulin and C-peptide levels and lipid profiles. Standard assays were used for biomarker analysis as previously described [35] . In order to determine the puberty status of the study participants, clinical pubertal assessment was made using Tanner's staging [36] . Among the female offspring, breast development ≥B2 or pubic hair stage ≥PH2 was considered to be a marker of pubertal onset. In male offspring, testis volume ≥ 4 ml, pubic hair stage ≥PH2 or boys genital stage ≥G2 was considered to be a marker of pubertal onset.
Study participants examined at the Copenhagen University Hospital (n = 666) were also studied for body composition using dual-energy x-ray absorptiometry scanning (Lunar; Scanex, Hørsholm, Denmark).
Sample collection and DNA isolation A standardised blood sample collection procedure was used across all study examination sites. Peripheral venous blood was collected into EDTA tubes (10 ml; BD, Franklin Lakes, NJ, USA) that were placed directly on ice and then centrifuged within 10 min of collection. Buffy coats were collected from EDTA tubes and stored immediately at −20°C with subsequent transfer (within 8 h) to −80°C until later DNA isolation. Buffy coats were collected from 536 offspring of mothers with GDM and 555 control offspring, and DNA was extracted from all samples using the QIAamp 96 DNA Blood Kit in line with the manufacturer's protocol (Qiagen, Valencia, CA, USA).
Telomere measurements by quantitative PCR We evaluated DNA quality and concentration using the Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Average relative telomere length was measured by a quantitative real-time PCR protocol modified from the previously described method by Cawthon [37] . In brief, this method generates a measure of the average telomere length as a ratio (T/S) of telomere repeat length (T) to copy number of a singlecopy gene (S), within each DNA sample. We used β-globin (BG; also known as HBB) as the reference single-copy gene. Primers for the telomere repeat and BG are shown in electronic supplementary material [ESM] Table 1 . All measurements were performed in quadruplicates in 384-well plate formats, using the LightCycler 480 Real-Time PCR System (Roche, Melbourne, VIC, Australia). DNA 5 ng amounts were used in each reaction with amplification using SensiMix SYBR Fluorescein Mastermix reagents (Bioline, Sydney, NSW, Australia). Reactions were set up on ice to prevent premature DNA polymerase activation, non-specific amplification and primer-dimerisation. Samples were randomised across plates by exposure group and sex. Two sets of standard oligomers (the telomere TTAGGG repeat and the reference gene BG; ESM Table 1 ) were run as a seven-point standard curve on each plate to ensure that sample DNA C t values were within the linear range of the two standard curves, as well as to assess variation between plate runs. Additionally, two inter-run controls were measured on all plates (K562 genomic DNA sample) to account for inter-run variability. A negative (no template) control was included on all plates. Relative average telomere lengths were calculated using the ΔC t method.
After evaluating DNA quality and quantitative PCR quadruplicate performances, we included 908 offspring telomere measurements in the final analyses (n = 439 GDM and 469 control offspring). We achieved CVs within quadruplicates of the telomere runs of 6% and of single-copy gene runs of 4%. We achieved inter-plate CVs of the telomere runs of 5% and of single-copy gene runs of 2%). A sensitivity analysis was conducted in which each plate-run was separately excluded to test for any batch effect by individual plate on the total telomere length results. None of the individual plates affected the final results.
Statistical analysis Normally distributed data are presented as means ± SD and were compared by Student's t test. Nonnormally distributed data are presented as medians and interquartile ranges and were compared by Mann-Whitney U test. Proportions of categorical data were calculated by χ 2 test. Multivariate linear regression analyses were applied to address the association between GDM and telomere lengths in the offspring with adjustment for the offspring's sex and age. We tested potential confounding effects of pre-pregnancy maternal BMI (mBMI), maternal age, birthweight, gestational age and maternal smoking status (all previously reported to impact telomere length) as well as Caesarean section, maternal socio-occupational status, weight gain in pregnancy, paternal pre-pregnancy BMI and breastfeeding. We examined whether pubertal onset was associated with telomere length in separate univariate regression analyses for males and females. Furthermore, we investigated whether offspring phenotype was associated with telomere length by conducting multivariate regression analyses for a range of offspring characteristics, adjusting for offspring sex and age. In all regression models, we estimated mean differences as β-coefficients and 95% CI. In all models, we tested and confirmed that exclusion of siblings did not affect the results; therefore we included all siblings in the analyses. Assumptions of equal variance and normally distributed residuals were visualised in QQ plots and histograms. All statistical analyses were performed using SAS 9.3 statistical software (SAS Institute, Cary, NC, USA), and p ≤ 0.05 was considered statistically significant.
Results
Maternal, birth and offspring characteristics of the DNBC GDM subcohort Mothers with GDM had a higher prepregnancy mBMI, were older and tended to be more likely smokers and of lower socio-occupational status than control mothers. Furthermore, mothers with GDM underwent a higher proportion of Caesarean section deliveries, and had a lower gestational age and higher birthweight of their offspring, compared with the control group (Table 1) . At the age of 9-16 years, the offspring of GDM mothers had a range of adverse metabolic changes independent of sex and age; these included increased fasting plasma glucose and insulin levels, HOMA-IR, BMI and total body fat percentage (BF%) ( Table 1) . These results are consistent with the previously described characteristics for the entire cohort of GDM and control offspring [35] . In this previous baseline study, we also found that, when adjusting for age and sex, all anthropometric and metabolic differences between the two offspring groups remained, except that an earlier onset of puberty in the female offspring of mothers with GDM became significant [35] . Therefore we did not separate the results in Table 1 into female and male offspring.
Telomere length is associated with intrauterine exposure to GDM in female offspring As anticipated, female offspring had significantly longer telomeres than male offspring (p = 0.0007, unadjusted) (Fig. 1a) . Offspring in the GDM group had significantly shorter telomeres than control offspring (p = 0.03, unadjusted) (Fig. 1b) . Further analysis showed that this relationship was primarily driven by shortened telomeres in female offspring of mothers with GDM relative to control female offspring, such that telomere length in GDM female offspring was equivalent to that in male GDM and male controls (Fig. 1c) .
Because of the observed sex differences, we examined whether telomere length differed in association with progression into puberty. No association with onset of puberty was found in either female or male offspring (female: p = 0.94, β 8.3, 95% CI −197, 214; male: p = 0.65, β −65, 95% CI −339, 212). Data are presented as mean (SD), median (interquartile range) or n (%) a n = 342-439 (GDM), 399-469 (controls), b n = 439 (GDM), 469 (controls), c n = 404-428 (GDM), 445-461 (controls), d n = 158 (GDM), 345 (controls). Some data are missing from the maternal characteristics section because not all women answered all questions. Some data are missing for the metabolic characteristics of the offspring, since blood collection was not performed for all participants p values were calculated using Student's t test, Mann-Whitney U test e or χ 2 test f DXA, dual x-ray absorptiometry Next we investigated the association between telomere length in the offspring and the following exposures and/or potential confounders: GDM status, pre-pregnancy mBMI, maternal age, gestational age, birthweight, smoking, Caesarean section, maternal socio-occupational status, weight gain in pregnancy, paternal BMI or breastfeeding, with adjustment for sex and age of the offspring. Only GDM status (β −154 [−7.7%], 95% CI −283, −25, p = 0.02), pre-pregnancy mBMI (β −12 [−0.6%], 95% CI −25, 0.8, p = 0.07) and maternal weight gain in pregnancy (β 8.9 [0.4%], 95% CI −0.6, 19, p = 0.07) showed a significant or borderline significant association with telomere length after adjustment for sex and age of the offspring (Table 2) .
Previously reported confounders of offspring telomere length do not affect the association between GDM status and offspring telomere length To further address the impact of GDM and pre-pregnancy mBMI respectively on telomere length in the offspring, we applied multivariate regression models with adjustment for GDM status, pre-pregnancy mBMI, sex, offspring age as well as maternal age, gestational age, birthweight and smoking as these factors are the most well known from the literature to impact telomere length. Although weight gain in pregnancy also showed a borderline significant association with telomere length in univariate analyses, we excluded this variable in the models since weight gain is closely and inversely associated with pre-pregnancy mBMI. Including both pre-pregnancy mBMI and GDM status as covariates, both these variables became non-significantly associated with telomere length, most likely given their wellestablished relatedness (Table 3 , model A). We further assessed the impact of GDM and pre-pregnancy mBMI on offspring telomere length separately to avoid overadjustment. Telomere length in the offspring remained significantly associated with GDM (β −151, 95% CI −287, −15, p = 0.03; Table 3 , model B), and also showed a borderline significant association with pre-pregnancy mBMI (β −12, 95% CI −25, 1.4, p = 0.08; Table 3 , model C), after adjustment for offspring sex and age, as well as the previously published confounders: maternal age at birth, gestational age, birthweight and smoking. In all models, the strongest contributor to telomere length was sex (Table 3) .
Given the significantly larger telomere length difference in female offspring between GDM and control offspring, and the lack of difference between the two male groups, we also conducted the analyses in Table 3 separately for each sex (ESM Table 2 Association between telomere length and phenotype of the offspring To explore the potential link between telomere length and phenotypic measures in the offspring, we performed multivariate regression analyses separately for each sex between telomere length and offspring total BF%, systolic BP, fasting plasma insulin, glucose or hs-CRP levels, with adjustment for offspring age. For the female offspring, significant negative associations between telomere length and Influence of sex (a) and GDM (b) on offspring leucocyte telomere length. Difference in telomere length between GDM and control offspring was primarily driven by the female offspring (c). Comparisons by unpaired analyses, data are means ± SD insulin levels as well as HOMA-IR were observed. No significant associations were observed for the male offspring between telomere length and any of these variables (Table 4 ).
Discussion
We showed that female offspring of women with GDM have a shorter telomere length at the age of 9-16 years. This association was not influenced by age, maternal age at birth, gestational age, birthweight or smoking in pregnancy. Telomere length in female offspring only was negatively associated with fasting insulin levels and HOMA-IR.
Important strengths of our study are the large sample size and that this is, to our knowledge, the first to explore telomeres in adolescent children of GDM mothers. However, our findings in adolescents support the results of several previous findings in smaller studies. For example, Xu et al showed a shorter telomere length in cord blood leucocytes in GDM compared with control offspring, with a similar magnitude (approximately 5-10% shorter) to our observations (n = 82 GDM and n = 65 control offspring) [28] . Additionally, our results are in line with those of Gilfillan et al [38] , who Table 3 Association between maternal GDM and/or pre-pregnancy BMI and offspring telomere length Estimated change in relative telomere length is presented as β (95% CI)
Model A: adjusted for GDM status, maternal pre-pregnancy BMI, offspring sex and age at examination, maternal age, gestational age, birthweight and smoking Model B: adjusted for GDM status, offspring sex and age at examination, maternal age, gestational age, birthweight and smoking Model C: adjusted for maternal pre-pregnancy BMI, offspring sex and age at examination, maternal age, gestational age, birthweight and smoking reported a negative correlation between cord blood telomere length and maternal glucose levels in a population of women with pre-gestational diabetes, a group with gestational diabetes and a control group, although they were not able to detect absolute differences in the telomere lengths between the groups (n = 52). Cross et al observed increased telomerase activity in cord blood from pregnancies in women with GDM and with type 1 diabetes, potentially reflecting a compensation for in utero telomere shortening and DNA damage, but did not observe any relationship between maternal diabetes (type 1 or 2 diabetes or GDM) and fetal telomere length [30] . In contrast, Cross et al also reported a lack of difference in telomere length and DNA damage in a smaller study of young adult offspring of women with type 1 diabetes in pregnancy compared with control participants [32] . The inconsistent results may be explained by a lack of power and the age of the offspring. Furthermore, these earlier studies did not report sex-specific differences in telomere length, as we found in our study.
Maternal factors, offspring phenotype and telomere length in childhood Previous studies have demonstrated effects of smoking [25] , maternal socio-occupational status [27] and maternal age [39] at time of pregnancy, as well as gestational age [40] and low birthweight [24] , on telomere length at time of birth, but we did not find any associations between telomere length in childhood and these factors. However, the variations in maternal age, gestational age and birthweight were also narrow (SD 4.3 years, 12 days and 550 g, respectively) in our study. Additionally, we had no information on the current socio-occupational status of the children at the age of 9-16 years, and can therefore not exclude the fact that present socio-occupational status could confound the results. The number of mothers smoking during pregnancy was higher in our study (238 women smoking occasionally or daily) compared with previous publications (n ≤ 138), and cannot therefore explain the lack of replication of earlier findings.
To this extent, our results are unique as they include the numerous unknown environmental exposures encountered through childhood and adolescence that may have affected telomere length. As telomere length is most variable at the time of birth, it may be speculated that telomeres at this time point are also more vulnerable to being affected by confounding factors, whereas telomere length is less variable in adolescence. Maternal obesity is highly associated with GDM, and our results, which show an association between pre-pregnancy mBMI and shorter telomeres, further confirm that the two maternal factors are also highly related in terms of their effects on outcome in offspring. A recent large-scale study (n = 743) showed that pre-pregnancy mBMI was associated with shorter telomere length in cord blood (0.5% shorter telomeres per each kg/m 2 increase in pre-pregnancy mBMI; 95% CI −0.83%, −0.17%) [41] . Our data confirm this magnitude of difference, showing a 0.6% decrease in telomere length per kg/m 2 increase, but most importantly we show here that the effect of pre-pregnancy mBMI persists through childhood at least until adolescence among female offspring. However, our results point towards the fact that GDM status has a stronger impact on female offspring telomere length (14% shorter telomeres) than pre-pregnancy mBMI, and therefore biologically it is more likely that hyperglycaemia or other GDM-related factors and not pre-pregnancy mBMI may be affecting the telomere shortening.
In the present study, we found negative associations between telomere length and fasting insulin levels and HOMA-IR in female offspring. However, we found no significant associations with adiposity or hs-CRP as an inflammatory marker. Our results are in line with the study by Cross et al, who found no relationship between telomere length and inflammatory markers in healthy young adult offspring of type 1 diabetic mothers [32] . However, others have shown that, after weight loss compared with before, obese adolescents exhibit longer telomeres, and that this was associated with an improvement in glucose tolerance and decreased inflammation [42] . Our observation of negative associations between telomere length and offspring insulin levels and HOMA-IR raises the possibility that short telomere length may be a risk factor for or even predict the development of type 2 diabetes and associated metabolic traits and disease among the female offspring of women with GDM, independent of their body composition. However, this needs to be confirmed in other studies.
Potential mechanisms behind the telomere shortening Pregnancies in women with GDM are associated with increased levels of oxidative stress and inflammation, owing to overproduction of free radicals and reactive oxygen species and/or to defects in antioxidant defences [43] . Oxidative stress is believed to be a major cause of telomere shortening [19] , and higher levels of oxidative stress and inflammation in utero have been shown to induce changes in metabolism among the offspring [44] . Telomeres contain G-rich segments that are highly sensitive to reactive oxygen species and DNA breakage, and the increased oxidative stress involved in GDM is a potential molecular mechanism contributing to telomere shortening during fetal development, perhaps under compensation by induced telomerase activity as previously suggested [30] . Unfortunately, we were not able to quantify telomerase activity at the time of birth or at follow-up in the present study.
Other mechanisms not investigated here may also be important in regulating telomere length in the offspring of women with GDM. These could include epigenetics, which is indeed important in regulating telomere length through DNA methylation of CpG islands located within the telomeres [45] . Additionally, genetic variability in telomere length most likely plays a role in segregation with GDM traits [39] . We acknowledge that the shorter telomeres in females may not be due to programming mechanisms per se, but could equally likely be a consequence of a different lifestyle among the female offspring. We cannot exclude the possibility that environmental factors not measured in this study, i.e. physical activity, could be involved in the telomere shortening in the female offspring. Family factors including social class and eating behaviour may also play essential roles in the telomere shortening in female GDM offspring.
Sexual dimorphism in telomere length in response to GDM Sex differences in telomere length are well appreciated, with female individuals possessing longer telomeres than male individuals from birth, and the differences persisting into adult life [23] . This phenomenon is believed to be related to the effect of oestrogen on upregulating the telomerase reverse transcriptase (TERT) gene and thereby telomerase activity [46] . As a quality control, we also replicated the known relationship of longer telomere length in female compared with male offspring in our study. Additionally, only the female group presented shortened telomere length among the GDM offspring, and these sex differences were not affected by progression into puberty. To our knowledge, this study is the first to report a sex-specific effect of telomere length in pregnancies in women with hyperglycaemia.
Studies have shown that female babies have higher cord blood C-peptide concentrations [47, 48] . Interestingly, girls exposed to maternal GDM or hyperglycaemia in utero are at higher risk of childhood adiposity, with increased risk if the mother is overweight or obese [49] . Landon et al reported that treatment of maternal hyperglycaemia had a long-term impact on glucose metabolism only in pre-pubertal female offspring, who had lower fasting glucose and HOMA-IR, suggesting a sex-specific impact [50] . It may be speculated that the shortened telomeres in the female offspring of mothers with GDM observed in our study is related to sex-specific differences in metabolic phenotype that may arise later in life. It would be interesting to explore telomere length at time of birth in this cohort, in order to rule out an increasing rate of postnatal telomere attrition in the female offspring, as well as in adult offspring, of mothers with GDM to assess the relationship between telomere length and risk of metabolic and other diseases later in life among these children.
Conclusions Female offspring of women with GDM have shorter telomere length in childhood relative to control participants independent of other maternal factors. Telomere length in female offspring was also negatively associated with fasting insulin levels and HOMA-IR. This suggests that GDM and GDM-associated factors have sex-specific, long-term effects on offspring telomere length. Further studies are required to identify the mechanisms through which this arises and to assess the possible association with later onset of metabolic diseases such as type 2 diabetes.
